Abstract. We propose using the upcoming Cosmic Microwave Background (CMB) ground based experiments to detect the signal of ALPs (Axion like particles) interacting with magnetic fields in galaxy clusters. The conversion between CMB photons and ALPs in the presence of the cluster magnetic field can cause a polarized spectral distortion in the CMB around a galaxy cluster. The strength of the signal depends upon the redshift of the galaxy cluster and will exhibit a distinctive spatial profile around it depending upon the structure of electron density and magnetic field. This distortion produces a different shape from the other known spectral distortions like y-type and µ-type and hence are separable from the multi-frequency CMB observation. The spectrum is close to Kinetic Sunyaev-Zeldovich (kSZ) signal but can be separated from it using the polarization information. For the future ground-based CMB experiments such as Simons Observatory and CMB-S4, we estimate the measurability of this signal in the presence of foreground contamination, instrument noise and CMB anisotropies. This new avenue can probe the photon-ALP coupling over the ALP mass range from a few ×10 −14 eV to 10 −12 eV with two orders of magnitude better accuracy from CMB-S4 than the current existing bounds.
Introduction
Since its discovery in 1965, the Cosmic Microwave Background (CMB) has been a powerful probe of the Universe over a large redshift range 0 ≤ z 2 × 10 6 . Different cosmic epochs leave their imprints in the spatial fluctuations of the temperature and polarization field of the CMB and in the CMB spectral distortions. The distortions in CMB blackbody are expected from several effects that include Sunyaev-Zeldovich (y-distortions or thermal SZ (tSZ)) [1, 2] , µ-type [3, 4] , i-type (or residual r-type) [5] [6] [7] , relativistic SZ [8] , recombination lines [9, 10] , and α-type (axions) [11, 12] . The spectral distortions signal can also be polarized due to resonant conversion between CMB photons and ALPs [11] in the presence of a medium and external magnetic fields. The CMB-ALPs conversion depends upon the coupling strength g γγa (which we write as g γa ) between photons and ALPs as well as how slowly (adiabatic) the medium changes along the photon geodesic. The spectral distortions due to ALPs can also arise from non-resonant conversion and produce spatially fluctuating unpolarized spectral distortions [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Several CMB experiments have explored the spatially varying part of the blackbody and non-blackbody (particularly y-distortions) over the last three decades from space, balloon -1 -and ground platforms 1 . Along with the unprecedented measurement of the temperature and polarization anisotropy by WMAP [25] and Planck [26] , ground-based experiments such as ACT (Atacama Cosmology Telescope) [27] and SPT (South-Pole Telescope) [28] have also explored the y-distortion signals from galaxy clusters [8, [29] [30] [31] [32] [33] [34] . However, the spatially nonvarying spectrum of the CMB has not been explored after COBE-FIRAS (Cosmic Background Explorer-Far Infrared Absolute Spectrophotometer) experiment [35] [36] [37] [38] which had imposed an upper bound on y-distortions and µ-distortions of 15 × 10 −6 and 9 × 10 −5 respectively at 95% C.L. Current and near-term ground-based CMB experiments (such as Adv-ACT [39] , SPT-3G [40] , Simons Array [41] , Simons Observatory (SO) [42] , and CMB-S4 [43, 44] ) and the upcoming space-based CMB experiment such as LiteBIRD [45] , and several proposed CMB experiments (such as CMB-Bharat 2 , PRISTINE (Polarized Radiation Interferometer for Spectral disTortions and INflation Exploration) and PICO (Probe of Inflation and Cosmic Origins) [46, 47] ) plan to explore both blackbody and non-blackbody part of CMB with much higher instrument sensitivity and finer angular resolutions than the ongoing surveys.
In this paper, we explore the signatures of the polarized spectral distortion of CMB originating from galaxy clusters due to resonant photon-ALP conversion. Galaxy clusters possess magnetic fields of the order of µ-Gauss (µG) as evident from multiple observations [48, 49] . As a result, CMB photons while passing through galaxy clusters can undergo conversion into ALPs. The component of the CMB photons with polarization vector parallel to the local magnetic field direction gets converted into ALPs while the other polarization state remains unaltered. As a result, every conversion of CMB photons into ALPs leads to a polarized distortion in the blackbody spectrum of the CMB. For non-resonant conversion, these distortions take place everywhere along the line of sight and if the magnetic field is not coherent but turbulent, both polarizations of the CMB photons will be converted to ALPs with equal probability leading to an unpolarized distortion signal in the clusters. The typical strength of this distortion is expected to be small due to high electron densities present in these systems [11] . A detailed study of this effect is performed for Milky Way galaxy in [11] and these results are also applicable to galaxy clusters. However, the polarization signal can be preserved for the resonant conversion case which takes place only at a specific spatial location where the ALP mass is equal to the effective mass of photons. The polarized photon-ALP signal has a radial profile that depends upon the spatial structure of electron density and magnetic field in the cluster.
The paper is organized as follows. We review the basic formalism of resonant photon-ALP conversion in Sec. 2. In Sec. 3 and Sec. 4 respectively, we describe the signal from a single cluster and simulate a realistic sky signal by adding galactic and extragalactic contamination. The forecast for measurability of this signal from future CMB experiments such as Simons Observatory (SO) [42] and CMB-S4 [43, 44] are presented in Sec. 5. Finally, future prospects and our conclusions are presented in Sec. 6.
Resonant photon-ALP conversion signal: Formalism
Photon to ALP conversion in presence of magnetic field and electron density can be expressed in the relativistic limit by the following coupled system of equations [50] 1 A comprehensive list of the CMB experiments can be found in this website https://lambda.gsfc.nasa. gov/product/expt/ 2 Proposal for a space-based CMB mission is submitted to Indian Space Research Organization (ISRO). 3 Analogous to the Mikheyev-Smirnov-Wolfenstein (MSW) effect [51] [52] [53] in neutrino oscillations
where (A x , A y ) are two polarizations of photons propagating in the z-direction, a is the axion field and the entries in the coupling matrix are defined as
where ω 2 p = 4παn e /(m e ) is the plasma frequency, m e is the electron mass, n e is the electron density, α is the fine structure constant, m a is the mass of ALP, B i is the magnetic field along the directionî (where i can be x or y), n H is the density of the hydrogen atoms and ∆ f gives rise to the Faraday rotation written in terms of the difference in the refractive index for left (n − ) and right (n + ) component circularly polarized light [54, 55] . Typical lines of sight through a galaxy cluster will undergo a Faraday rotation of the polarization plane by about an arc-min for the frequency of CMB photons ν ≥ 90 GHz. This is a minor rotation of the plane of polarization in comparison to the resolution of the instrument beam 4 and hence we ignore the effect from Faraday rotation in our analysis. We can reduce Eq. (2.1) to a two flavour system by choosing the x-axis along the magnetic field, so that ∆ y γa = 0 and A y is decoupled from the three flavour system consisting of A x and a from the other two eigenstates. The dispersion relation that defines the two eigenstates of the photon-ALP system is then given by [56] 
where ∆ 2 osc = (∆ a − ∆ e ) 2 + 4∆ 2 γa and m γ is the effective mass of the photon defined as
me . In the remainder of this section, we only overview the formalism of resonantconversion between photons and ALPs which is relevant for the galaxy clusters. The detailed calculations of resonant and non-resonant photon-ALP conversion can be found in [11, 24, 56] .
Resonant photon-ALP conversion happens when the ALP mass becomes equal to the photon effective mass in the plasma, i.e. m a = m γ . As a result the mixing angle (θ = 1 2 cos −1 ( ∆a−∆e ∆osc )) becomes π/4. In the galaxy cluster, the electron density and magnetic field change with spatial position in the cluster. So, the important quantity to compare is the length scale over which the electron density and magnetic field vary with the oscillation length scale of photon-ALP conversion ∆ −1 osc . The ratio of these two quantities defines the adiabaticity parameter
where ∇ denotes spatial gradient. For γ ad >> 1, we are in the adiabatic limit resulting in complete conversion of photons to axions or vice versa when passing a single resonance. The value of γ ad << 1 denotes the non-adiabatic limit, which implies that the length scale over which oscillation is happening is much larger than the physical scale over which the electron density is varying. For a locally (where m a = m γ ) linearly varying electron density, the transition probability from initial eigenstate |ψ i (0) to final eigenstate |ψ j (1) after crossing one resonance can be written as [57, 58 ]
where p is given by the Landau-Zener formula [56, 57, [59] [60] [61] p = e −πγ ad /2 , (2.7) 8) in the non-adiabatic limit. The initial and final eigenstates are superposition of both photons and ALPs determined by the mixing angle θ and the corresponding conversion probability from photon to ALP can be calculated as [11, 24, 56 ]
where θ 0 and θ d are the initial mixing angle when the photon is emitted and the mixing angle at the detection, respectively. Assuming that emission and detection happens far from resonance gives θ 0 ≈ θ d ≈ 0 and P (γ → a) = 1 2 (1 − (1 − 2p) ). In the case of multiple (N ) resonances, the transition probability from initial eigenstate to final eigenstate can be written as [57, 58] 10) where p is the net level crossing probability which can be written in terms of the level crossing probability p a at each a th resonance as Given a photon produced in the high electron density region and detected at a high (or low) electron density region, uniquely determines whether the resonant conversion is even (or odd). There remains no additional freedom to choose both N as even (or odd) and the electron density at the detection independently. Fixing one of them naturally fixes the other one. As a result we can write Eq. 2.9 as [11]
With the probability of transition given by Eq. (2.7), we can write Eq. (2.12) after retaining only the leading order terms in γ ad as
The preceding description of resonant photon-ALP conversion is general; it can take place in different scenarios whenever the electron density changes along the photon path and there is an external magnetic field present transverse to the photon propagation direction. Examples of physical effects due to resonant conversions include the cosmic evolution of the electron density in the Universe [11, 62, 63] , giving a monopole spectral distortion in the CMB blackbody; or resonant conversion in the Milky Way [11] . In this paper we focus on the resonant photon-ALPs conversion in galaxy clusters.
Resonant photon-ALPs conversion in a galaxy cluster
The polarized spectral distortion in presence of the magnetic field from galactic clusters leaves its imprint in the Q and U Stokes parameters of the CMB polarization map (see (cite your favorite review) for a review). The cluster locations are readily identifiable using the tSZ (Thermal Sunyaev-Zeldovich) signal. We see in Fig. 1 that the spectrum of resonant photon-ALP distortion is very close to the kSZ (kinetic Sunyaev-Zeldovich) signal. Therefore polarization information is crucial in distinguishing between the two signals. The kSZ effect does not have the same profile, especially for small axion masses. That can help to distinguish them even in the case of partial (or complete depolarization). 5 The scattering by the electrons in the galaxy clusters of the local (at the redshift of the cluster) CMB quadrupole can generate a small polarized signal and an estimate of this signal is discussed in Sec. 3.1.2.
The distortion in the CMB due to the photon-ALP conversion (which we refer as α-type distortion) is given by where
is the intensity of the blackbody spectrum of CMB, with f = hν/k B T CM B and T CM B = 2.7255K and h, c and k B are Planck's constant, speed of light and Boltzmann constant respectively. α γa ≡ P (γ → a)/f is the dimensionless ALPs distortion parameter.
In order to calculate the CMB distortion from a single galaxy cluster, we need a model of electron density and magnetic fields inside the cluster. For simplicity, one can consider two extreme cases. Case I: The electron density and magnetic fields inside the cluster are completely stochastic and turbulent. In this case, we will have multiple resonances with arbitrary direction for magnetic field and therefore the polarization direction of CMB photons converting to ALPs. The result will be a completely depolarization of the α-type distortion. Since the spectrum is close to the kSZ spectrum, such a distortion will be very hard to separate from kSZ signal. Ref. [24] studied this case but ignored the denegracy with kSZ effect. Case-II: We will study the second extreme where turbulence is negligible and the magnetic field and electron density are described by a smooth profile as a function of the radius of the cluster. A real cluster would be in between these two extremes [64] [65] [66] . We would expect to reach this smooth limit for clusters in hydrostatic equilibrium. We will leave exploration of the variation of the ALPs distortion signal for different models of electron density and magnetic fields with turbulence for future work.
Electron density : Electron density in galaxy clusters has been well studied in observations [67] [68] [69] [70] [71] [72] as well as from hydrodynamical simulations [73] . The large scale spatial structure of electron density in galaxy clusters is well described by the modified β-electron model [67] [68] [69] [70] [71] [72] . In this analysis, we consider the following observation motivated modified β-electron density model [68] n p n e = n 2 0
where the values of the parameters are chosen as r c = 100kpc, n 0 = 10 −3 cm −3 , r s = 1000kpc, α = 2, γ = 3, r c2 = 10, β = 0.64, β 2 = 1, n 02 = 10 −1 cm −3 from [68] . Recent studies [72] have shown that the electron density in the cluster are remarkably self-similar over a wide range of redshift z = 0−1.9 beyond the inner core of the cluster (r ≥ 100kpc), with error-bar about 20% − 40% (See for Fig. 3 in the ref. [72] ). Variation in the profile of the cluster electron density will directly translate into a variation in the m 2 a and ∇n e . The variation of the photon-ALP signal with the variation in the electron density will be explored in a future work.
Magnetic fields : There have been several studies attempting to measure the typical strength of the magnetic field in galaxy clusters using radio observations, synchrotron emission, and Faraday rotation in the clusters [48, 49] . The typical strength obtained from these observations indicates that the magnetic field in the galaxy clusters is of the order of µG. It also exhibits a dependence on the electron density B(r) = (n e (r)/n 0 ) η [74] , with the value of η = 0.5 for the Coma cluster [74] . We therefore adopt a simple model of the radial profile of the strength of the cluster magnetic field
with r b = 10kpc and B 0 = 3 µG. In reality, a turbulent component may be present in addition to the large scale coherent magnetic field. As long as the magnetic fields are coherent on scales of angular resolution of our telescope, the exact structure of the magnetic fields does not affect our main results. Turbulence on scales smaller than the beam size will however at least partially depolarize the distortion. For this study we will assume that these effects are small and leave a more detailed calculation for future work. For the resonant photon-ALP conversion, the signal strength along a particular line of sight does not depend upon the complete magnetic field structure, but only depends on the local region where the resonant conversion takes place (i.e. m a = m γ ). So, locally within a narrow spatial range, we can consider a uniform value of the magnetic field. From the current models of magnetic field [49, 74] , we expect the magnetic field of the order 0.1 µG on the Mpc scales. In our analysis, we have taken the direction of the magnetic field in the cluster as random and the its strength varies with radius according to Eq. (3.3).
3.1 Polarized spectral distortion of CMB around a single galaxy cluster 3.1.1 Spatial Shape of the ALPs-distortion CMB photons passing through the galaxy clusters can undergo resonant conversion into ALPs in the spatial regions where the condition m a = m γ is satisfied. In the case of multiple resonances, the total conversion is given by Eq. (2.13). For a spherically symmetric monotonically changing electron density profile, photons can convert into ALPs of a particular mass m a at most twice: (i) entering and (ii) leaving the galaxy cluster. As a result, in the frame of the galaxy cluster, the conversion from photons to ALP of a particular mass will appear as a spherical shell of radius r 0 set by the condition m a = m γ (r 0 ).
The projection of the 3-D spherical shell on the two dimensional plane of the sky will appear like a disc as shown in Fig. 2 . For ALPs of different masses, the resonant conversion happens at different radii and hence produces discs of different sizes (See Fig. 3b ).
Figure 2:
The schematic diagram showing the spatial structure of resonant photon-ALP conversion in the galaxy cluster for a spherically symmetric electron density. For three different ALP masses m 1 (light red), m 2 (medium red) and m 3 (dark red) (with m 1 < m 2 < m 3 ), resonant conversion happens within a narrow shell at different radii r 1 , r 2 , r 3 respectively with r 1 > r 2 > r 3 . The projection of the 3-D spherical shell, will appear as a disk in the plane of the sky.
Amplitude of the photon-ALP distortion in a galaxy cluster
The adiabaticity parameter for a galaxy cluster at a redshift z can be written as
where ν 0 is the observed frequency of the CMB photons. In this analysis, we have taken universal magnetic field [49] and electron density [68] [69] [70] [71] profiles of galaxy clusters. Eq. (3.4) implies that P (γ → a) around every cluster can exhibit a redshift dependence through the factor (1 + z). The radial profile of the distortion follows the spatial structure of the electron density and magnetic field in the galaxy clusters. The angular size of the distortion will be decided by the ratio of the radius at which resonant photon-ALP conversion is taking place and the angular diameter distance to the galaxy cluster.
-8 -(a) Signal strength for photon-ALP conversion for a range of redshifts z from 0.1 (bottom, blue) to 1.8 (top, magenta) with ∆z = 0.2. Photons convert to ALPs at a radius corresponding to the ALP mass, see Fig. 3b . The black solid and dotted line indicates the typical future CMB instrument noise level of the order 10 −9 K and 10 −10 K, respectively. The distortion from a single cluster can therefore probe ALPs from the region right to the cyan and red lines respectively for the distortion strengths 10 −9 K and 10 −10 K. The dominant contribution to the distortion is going to arise for low masses, when conversion occurs far from the core of the galaxy cluster.
(b) The mass of the ALPs and the radius at which the resonant conversion takes place are shown above for the model of electron density shown in Eq. (3.2). The black solid and dotted line resembles the lines drawn in Fig. 3a . The region below the solid and dotted lines produce distortions more than 10 −9 K and 10 −10 K respectively. The corresponding minimum radius of the galaxy cluster for which the resonant conversion can take place is shown by the cyan and red lines. This plot indicates that the lighter ALPs produce photon-ALPs distortion signal away from the core of galaxy clusters with a higher strength of the distortion (as can be seen from Fig. 3a ). -9 -We solve Eq. (2.13) and Eq. (3.4) to calculate the photon-ALP conversion signal in the galaxy cluster scenario using electron density and magnetic field model mentioned in Sec. 3. The estimated signal as a function of the cluster radius from its center is shown in Fig. 3a . The variation of the signal with the redshift of the galaxy cluster (over the range 0.1 − 2.0) is also shown in Fig. 3a . A future CMB experiment with a noise level of 10 −9 K, can probe P γa of the same order, 6 which can be translated into a minimum radius r min and hence a maximum axion mass (m a ) max . This is shown by the black solid line and the cyan line in Fig. 3a . The regions on the right side of the cyan line and above the black solid line are accessible to measure from galaxy clusters with the next generation CMB experiments having instrument noise 10 −9 K. However, the spectral distortion signal of the order 10 −10 is also possible to reach technologically and in that case, we can probe to a radius of 70kpc, which is shown by the black dotted line and the corresponding radius is shown by the red line. From Eq. (2.13) and Eq. (3.4), we see that the distortion is proportional to the magnetic field strength and is inversely proportional to the electron density. As a result, for the low-mass ALPs the resonant conversion takes place far from the core of the cluster resulting into a stronger conversion of the signal in contrast to the case of heavier ALPs. Figure 4 : Radial signal profiles P γa of the projected conversion spheres (see Fig. 2 ) around the clusters for four ALP masses (m a in units of 10 −14 eV) as a function of the radius the cluster center perpendicular to the line of sight. We have used the value of g γa = 10 −13 GeV −1 to obtain this plot.
The ALP signal at different radius originates from different ALP masses for which m γ = m a . In Fig. 3b , we plot the values of ALP mass as a function of radial distance from the center of the galaxy cluster at which we expect a resonant conversion to take place.
6 assuming no foreground contamination -10 -By comparing Fig. 3a and Fig. 3b , we see that the range of radius for which the distortion P γa ≥ 10 −9 , corresponds to a mass range below 5 × 10 −13 eV (the region below the black line and to the right side of the cyan-line).
The spatial profile of P γa as a function of the radius perpendicular to the line of sight (i.e. cluster radius projected on the sky) is shown for four ALP masses m a (×10 −14 eV ) = 45, 27, 17, 12 is shown in Fig. 4 . ALPs with higher mass gets converted close to the cluster center with a lower value of P γa and has smaller angular size on the sky. As a result, the signal projected on the sky will appear like a disc of different radius depending upon the ALP mass.
The spectral shape of the photon-ALP distortion signal also carries a spectral shape different from other polarized foreground contamination like synchrotron and dust. The frequency spectrum of the photon-ALP conversion signal along with those of potential contaminants is depicted in Fig. 1 for CMB-S4 [43, 44 ] frequency channels. The shape of the distortion resembles the primary CMB anisotropy which is therefore a potential contaminant of the photon-ALP distortion signal.
Along with this signal at the location of the clusters, other spectral distortion and secondary anisotropies are generated around clusters such as tSZ, kSZ, and relativistic-SZ. These distortions differ from the photon-ALP distortion signal in multiple ways: (i) the shape of the spectral distortion signal is different; (ii) spectral distortion signal from the ALP is 100% polarized and remains highly polarized even in the case of multiple resonances; (iii) the photon-ALP conversion gives a characteristic radial profile that grows with distance from the cluster center and then drops to zero.
One of the potential source of contamination is due to scattering of the local CMB quadrupole at the location of the cluster by the electrons in the galaxy cluster [75, 76] , and hence depends upon the optical depth τ (n) in the galaxy clusters. Using the model of electron density mentioned in Sec. 3, we estimate the radial profile of τ (n) [75, 76] 
where r(l) = l 2 + (D A θ) 2 and σ T is the Thompson scattering cross-section. For a local CMB temperature quadrupole fluctuation √ C 2 ≈ 20 µK, we can expect a RMS polarization fluctuation of the order P Q ≈ 2τ µK. Cluster have τ ≈ 10 −3 − 10 −4 giving the polarization contamination 10 −3 − 10 −4 µK. For massive clusters, contamination from the scattering of CMB quadrupole will become important and may limit the sensitivity of photon-ALP conversion. One way to push the sensitivity when we hit this limit would be to use only the low optical depth clusters. Another approach will be to use the correlation of P Q with the CMB quadrupole at the source redshift of the cluster [75, 76] to separate the axion distortion from P Q . In the next section, we will discuss the possible contamination from several foregrounds and will study the realistic appearance of the photon-ALP distortion signal in the simulated sky.
astrophysical signals like synchrotron emission, thermal dust, Anomalous Magnetic Emission (AME), free-free, etc. are dominant in different frequency ranges of the microwave sky [79] . To measure the spatially fluctuating part of spectral distortions of CMB, we also need to remove primordial CMB, along with tSZ and kSZ. In this section, we explore the foreground contamination to the photon-APLs distortion signal and simulate realistic maps of the photon-ALP distortion in presence of these foregrounds.
Simulation of the photon-ALPs distortion signal
The photon-ALPs spectral distortion signal around every cluster given in Eq. (3.1) depends on the electron density and the magnetic field of the galaxy cluster as discussed in Sec. 3.1.2. In this analysis, we have assumed an universal profile of the cluster electron density as discussed in Sec. 3.2 for a typical cluster of mass ∼ 10 14 M which will be probed by the upcoming missions such as SO [42] and CMB-S4 [43, 44] . The strength of magnetic field in the galaxy cluster is taken as an universal profile as discussed in Sec. 3.3 and the direction of the magnetic field is considered to be randomly oriented. As a result, the polarization direction of the ALP distortion (which is parallel to the magnetic field direction) is also going to be randomly oriented. But the strength of the distortion which depends on the magnitude of the magnetic field B 2 is going to follow the radial profile as given in Eq. 3.3. The spatial shape of the ALP signal for a fixed ALP mass around every cluster localization is a disc with varying sizes due to different angular diameter distance to the cluster. The strength of the ALPs distortion signal and the size of the disc increases with decrease in the mass of the ALPs, as shown in Fig. 4 . We have taken the position of the galaxy clusters distributed randomly on the sky outside the galactic plane with the redshift distribution following the N (z)/∆z as shown in Fig. 6 .
Simulations of galactic foregrounds and CMB primary and secondary anisotropies
The primary sources of contamination to the polarization signal of photon-ALPs conversion is due to synchrotron, dust and CMB anisotropies. TSZ and kSZ signals are not polarized, and we ignore there contribution in this analysis. We use the publicly available foreground simulation code Python Sky model (PySM) [78] to estimate the foregrounds sky with the Model s-3 parameters for synchrotron power-law with a curved index [78] and, we use Model d-5 for dust [78] . The c-1 model is used to generate the CMB sky maps [78, 80] . Details for the code and models are provided on the PySM website [80] . We consider the polarization map (Stokes Q and U ) for synchrotron and thermal dust from PySM at the SO [42] and CMB-S4 [43, 44] frequency channels (mentioned in Sec. 4.3). The corresponding Q and U maps (in Rayleigh-Jeans temperature K RJ units) for synchrotron and dust at a few frequency channels are shown in Fig. 5 . We masked the galactic plane covering the 30% sky fraction to reduce the foreground contamination. The polarised SZ effect [76, 81] can also be a contamination for this signal but will be weaker than other contamination like CMB, synchrotron and dust and we ignore the effect from polarised SZ in this forecast.
Instrument noise for Simons Observatory and CMB-S4
Simons Observatory (SO) [42] is an upcoming ground-based CMB experiment located at Cerro Toco in Chile, going to be operational from the early 2020s. The science goals of SO [42] encompasses a wide range of topics and a detailed study of this can be found in [42] . SO [42] has six frequency channels covering a range from 27 − 280 GHz. The goal-instrument -12 - Table  1 .
CMB-S4 [43, 44] is a ground-based CMB mission proposed to measure the microwave sky with about 10 5 high sensitivity detectors and angular resolution of typically one arcminute. The desired detector noise specifications and frequency channels are shown in Table 2 . The spatial anisotropy in the photon-ALPs distortion arises due to the spatial variation in the electron density and magnetic field. We have taken the spatial profile of the electron density and magnetic field as described in Eq. 3.2 and Eq. 3.3 respectively. The direction of the magnetic field is assumed to be randomly oriented at every location, a conservative assumption because it will maximally reduce the observable signal after averaging with the beam. The high-frequency channels of both these missions are expected to be useful for cleaning the dust, whereas the low-frequency channels are going to be useful for cleaning the synchrotron. In order to capture the effect from the instrument noise, we add Gaussian instrument noise using the specifications provided in Table 1 and 2. As the PySM software [78, 80] requires the instrument noise in the Rayleigh-Jeans temperature units (T RJ ), we convert the instrument noise provided in Table 1 and 2 into T RJ by using the relation
where f = hν/k B T CM B and T CM B = 2.7255K and h, k B are the Planck's constant and Boltzmann constant respectively. In the next section, we discuss the ALP signal in presence of these contamination and simulate a realistic sky map.
Sky model in the presence of photon-ALP distortion, foregrounds and instrument noise
The photon-ALP distortion signal arising from galaxy clusters is going to be highly distorted from the actual predicted shape due to the strong contamination from foregrounds and instrument noise. A realistic sky signal after accounting for the foregrounds and instrument noise can be written as 7
where S {Q,U } (p) is the polarization map Q(p) and U (p) in the sky directionp, A ν i j is the mixing matrix and x {Q,U } j are different components with j ∈ {CMB, ALP, synchrotron, dust}. Following Eq. (4.2), we add simulated ALP signal at a randomly selected sky localization outside the galactic plane (which are assumed to be the cluster locations) along with CMB, foreground and instrument noise.
We show the maps of the ALP signal (for axion mass 10 −13 eV and g γa = 10 −12 GeV −1 ) around a single cluster for two cases, (i) only the sky signal of photon-ALP distortion without any contamination (Fig. 7a) , (ii) photon-ALP distortion signal in the presence of foreground contamination and instrument noise (Fig. 7b) . The cluster location is assumed to be at redshift z = 0.2. The size of the disc of the signal depends on the radius at which the resonant conversion is taking place and also on the angular diameter distance to the galaxy cluster. So, if the electron density of all the galaxy clusters has a universal spatial structure, then it will produce a same angular size at a fixed redshift. The electron density and the magnetic field are considered as described in Sec. 3. The directions of the magnetic field are considered to be randomly oriented. This is a conservative choice, and the polarization signal can be more prominent if the magnetic field is ordered within the instrument beam. Due to the presence of foreground contamination, the ALPs distortion is noise dominated as shown in Fig. 7b and the presence of the signal is nearly impossible to detect for a single object without foreground cleaning.
Cleaning the foregrounds using the internal linear combination method
We obtain the photon-ALP distortion signal from the contaminated sky, we apply ILC (Internal Linear Combination) method [82] [83] [84] on this simulated map (S ν i (p)) to extract the 7 Bold notations denote matrix.
-16 -ALP signal which obeys the spectrum f γa given in Fig. 1 . The noise minimized sky map for the ALP signal (denoted byx γa ) can be obtained as [82] [83] [84] 
S f γa ) −1 are the ILC weight factors and C S is the covariance matrix obtained from this map (which includes CMB, ALP signal, synchrotron, thermal dust and instrument noise). The maps of the ALP signal (for axion mass 10 −13 eV and g γa = 10 −12 GeV −1 ) around a single galaxy cluster at a redshift z = 0.2 after performing the ILC cleaning is shown in Fig. 8 . ILC method successfully removes the foreground contamination and makes the photon-ALP distortion signal more evident in the sky, as can be understood by comparing Fig. 7b and Fig. 8 . The variation of the photon-ALP distortion signal with the change in the redshift of the galaxy cluster are shown in Fig. 9a and Fig. 9b respectively for redshift z = 0.1 and z = 1.33 after cleaning the foreground contamination using ILC method. There are two major effects on the photon-ALP distortion with the change in redshift. First, the angular size of the disc increases with redshift, which can be seen from Fig. 8 and Fig. 9 . Second, the signal strength increases with redshift according to the Eq. (3.4) . The changes in the signal strength are not very evident from the plots due to the contamination from foregrounds.
-17 - ALPs-distortions around a single galaxy cluster for axion mass m a = 10 −13 eV and photon-ALPs coupling g γa = 10 −12 GeV −1 after cleaning the foreground contamination using the Internal Linear Combination (ILC) method in the presence of the instrument noise of CMB-S4 [43, 44] . The angular size of the distortion is larger for a cluster at lower redshift than the cluster at high redshift.
-18 -
Forecast for the measurement of the photon-ALP distortion signal from Simons Observatory and CMB-S4
In this section, we discuss the method to detect photon-ALP distortions from galaxy clusters and obtain the detection limits achievable from the upcoming CMB experiments such as SO [42] and CMB-S4 [43, 44] . In order to identify the photon-ALP distortion from the polarization map, we identify the location of galaxy clusters in the polarization map using the cluster locations identified from the temperature map of CMB using the tSZ signal. Then one can identify the same location of galaxy cluster in the foreground cleaned Q and the U map of CMB polarization, which can be obtained after implementing the ILC method on the data for the known frequency spectrum of the photon-ALP distortion as described in Sec. 4.5. In order to measure the photon-ALP distortion for a particular ALP mass, we need to resolve the disc of the distortion. The spectral distortion signal from the large ALP mass originates at a smaller radius from the center of the galaxy cluster and hence can only be resolved from the low redshift objects, for a fixed instrument beam resolution. In Fig. 10 , we show the maximum mass of the ALP as a function of the redshift which can be resolved by the CMB experiments having three different beam resolutions 0.5 arcmin, 1 arcmin and 2 arcmin. The masses above the line cannot be accessed from the redshift range considered in this analysis. The plot implies that a future CMB experiment such as CMB-S4 [43, 44] with 1 arcmin beam resolution can probe ALP mass up to 10 −12 eV. The results shown in Fig. 10 are obtained for the model of the electron density described in Sec. 3.2 and are going to vary for different model of electron density. In the next section this uncertainty will inform our choice of aperture photometry to forecast the signal strength detectable with future CMB data.
Aperture photometry
There are several filtering techniques such as matched filtering [85, 86] , constrained realization [87] [88] [89] , and aperture photometry [90] that can be applied to recover the photon-ALP distortion signal around the clusters. Aperture photometry is more robust to the details of profile shape but less optimal than the matched filter approach, which relies on having a good, if not perfect, estimate of the spatial shape of the photon-ALP distortion. With the improvement of our knowledge regarding the electron density and magnetic field of galaxy clusters, we can accurately estimate spatial profile of the photon-ALP distortion. This will make it possible to implement matched filtering technique to extract the photon-ALP distortion signal, which is going to improve SNR over the aperture photometry method.
Aperture photometry is a powerful filtering technique to extract the signal within a disc radius θ d at a point in comparison to the neighboring sky area of equal area, and has been used on the temperature map [90] . For the polarization map Q and U , we can implement aperture photometry as
where s
γa ) 2 is the polarization intensity of the foreground cleaned ALPs distortion at the cluster locations obtained fromx {Q,U } γa given in Eq. (4.3) . The window Figure 10 : The higher ALPs mass produces a smaller angular size at a fixed redshift. The smallest angular scale which can be resolved by an experiment depends upon the instrument beam. We plot here the maximum mass of ALPs as a function of redshift for which the distortion in the CMB polarization can be spatially resolved from the future CMB experiments having different beam resolutions such as 0.5 arcmin, 1 arcmin and 2 arcmin, and which obeys the electron density given in Eq. 3.2.
This filtering scheme ensures the equal area of the disc and the neighboring circular annulus. The application of the window function projected on the polarization map is shown in Fig. 11 . The total ALPs distortion intensity I γa,θ d is the contribution from both the Q and U field which is given by the signal estimated using aperture photometry AP γa,θ d . The signal within the disc contains both the ALPs distortion and the background signal, whereas the outer disc of radius √ 2θ d contains the polarization intensity only from the background fluctuations. Using the window function mentioned in Eq. (5.2), we subtract the background intensity of the polarization field from the inner disc of radius θ d . The covariance for the aperture photometry method can be written as fixed redshift, the signals will originate from a particularθ d at a fixed redshift of the galaxy cluster. So in this analysis, we will estimate the signal for the diagonal covariance matrix.
For the implementation of this method on data of CMB-S4, we also need to mask the center part of the galaxy cluster, in order to remove the contamination near the core of the galaxy cluster from the secondary polarization anisotopies due to the scattering of the local CMB quadrupole with the electrons in the galaxy cluster, P Q (See Eq. (3.5)). In that case, we need to implement aperture photometry over a ring instead of a disc and estimate the covariance matrix for the corresponding window function. In this analysis, we have not included P Q in simulated the sky signal. So our forecast presented here are not biased by the contamination from P Q .
SNR to measure the photon-ALPs distortion from SO and CMB-S4
Future large aperture CMB polarization experiments such as SO [42] and CMB-S4 [43, 44] , are capable to measure clusters up to a redshift z = 2. For this analysis, we have taken the cluster number per redshift bin (N (z)/(∆z = 0.1)) as shown in Fig. 6 , which forecast for SO [42] and CMB-S4 [43, 44] . Using this N (z)/∆z, we estimate the total SNR by filtering the distortion signal within a disc size θ d at every cluster location by using the aperture photometry method. The total SNR added over all the redshifts and objects can be written
The above equation for the SNR includes all other contamination such as CMB, synchrotron, dust and the instrument noise (SO [42] or CMB-S4 [43, 44] ) through the covariance term
. Using the N (z) (plotted in Fig. 6 ), we show the 1-σ error bar on the photon-ALP coupling strength g γa for different masses of ALPs in Fig. 12 , after marginalizing over the strength of magnetic field with a 30% prior on its amplitude given in Eq. 3.3. The region shaded in cyan color indicates the part of the parameter space which can be explored with a better knowledge of the electron density and magnetic field at distances farther away from the core of the galaxy cluster. In this analysis, we consider the maximum radius of around 4 Mpc from the cluster center, which leads to a minimum ALP mass 10 −13 eV. The region shaded in grey indicates the inaccessible parameter space due to the limitation from the angular resolution of the instrument beam. The maximum mass of ALPs which can be probed by a 1 arcmin and 0.5 arcmin instrument beam are indicated by the black dashed line and dotted line respectively. The SNR is going to improve with a better knowledge of the electron density of galaxy clusters. This is going to be possible from the tSZ measurement from the CMB temperature map of SO [42] and CMB-S4 [43, 44] , as well as from the X-ray observations from the mission such as eROSITA [91] . Measurement of the cluster magnetic field from SKA [92] is also going to improve the projected SNR. By including the galaxy clusters catalogue from the upcoming large scale structure surveys [93] [94] [95] [96] [97] , we are going to make further improvement in the measurement of the photon-ALPs coupling strength.
The discovery space of this approach to detect ALPs is going to be broadened with a very high resolution future CMB mission such as CMB-HD [98] . CMB-HD proposes to measure the microwave sky over the frequency bands 30 − 280 GHz, with an antenna of diameter 30 meters, resulting into an angular resolution of ∼ 15 arcseconds at ν = 150 GHz and better sensitivity (0.7 µK-arcminute at ν = 150 GHz for polarization). Such a mission is going to improve the feasibility of detecting ALPs in two ways: (i) by exploring weaker photon-ALP coupling strength g γa , and (ii) larger masses of ALPs due to better angular resolution of the instrument beam. This will enable us to detect photon-ALP coupling up to higher ALPs mass m a ∼ 2 × 10 −12 eV. Assuming a large number of galaxy clusters (10× CMB-S4) up to the cluster masses ∼ 10 12 M from CMB-HD, the measurement of the photon-ALP coupling strength g γa would result in an error bar about three times smaller than CMB-S4 [43, 44] for ALPs masses in the range m a ∼ 10 −14 -10 −12 eV.
The bound on photon-ALP coupling g γa possible from SO [42] and CMB-S4 [43, 44] are about two orders of magnitude better than the current bound g γa ≤ 6.6 × 10 −11 GeV −1 and g γa ≤ 5.3 × 10 −12 GeV −1 available from the CERN ALP Solar Telescope (CAST) [99] and SN1987A [100] respectively. Strongest bound on the photon-ALPs coupling as g γa ≤ 1.4 × 10 −12 GeV −1 was obtained using the X-ray observation of Coma cluster [101] . However, this bound can get weaker due to uncertainty in the strength of the cluster magnetic field. A plot comparing the possible constraints on the photon-ALPs coupling strength g γa from the upcoming CMB experiments with the existing bounds from CAST [99] and SN-1987A [100] are shown in Fig. 13 . 
Conclusions and future prospects
Analogous to the tSZ spectral distortion due to inverse-Compton scattering in the CMB temperature signal around the galaxy clusters, ALPs can also produce spectral distortions in the polarization field of CMB photons around the galaxy clusters due to the resonant conversion from photons to ALPs in the presence of the magnetic field of galaxy cluster. The ALP of different masses can undergo resonant conversion at different radii from the center of the cluster where the mass of ALP equals the photon mass in the plasma. As a result, the photon-ALP distortion around the galaxy cluster depends upon the spatial structure of the electron density in the cluster. For a universal spherical electron density in the galaxy cluster, the signal appears in a disk-shaped region for every galaxy cluster. Deviation from the spherical electron density profile will exhibit a non-circular shape around the galaxy cluster. In a future analysis, we will study the variation of this ALPs distortion signal for different electron density and magnetic field models and will explore the robustness of this feature. We estimate the photon-ALP spectral distortion signal which can originate from galaxy cluster for the model of electron density and the magnetic field as mentioned in Eq. 3.2 and Eq. 3.3 respectively. The photon-ALP distortion signal exhibits higher strength for lower ALPs mass and the signal appears in the sky at a larger radius as shown in Fig. 4 . The conversion probability depends on the frequency of the CMB photons at the frame of Figure 13 : The projected 2-σ constraint on the photon-ALPs coupling strength g γa (g 12 ≡ (g γa in units of 10 −12 GeV −1 )) from the upcoming CMB experiments such as SO [42] , and CMB-S4 [43, 44] are compared with the currently existing bounds from CAST [99] and SN1987A [100] . Scaling the CMB-S4 constraints for 10 times more galaxy cluster gives the constraint labelled CMB-HD [98] (grey).
the galaxy cluster and as a result depends on the redshift of the galaxy cluster as shown in Fig. 3b . The frequency dependence of photon-ALP distortion signal is different from the other spectral distortion signals and known foreground contamination, as shown in Fig .1 . This makes it possible to distinguish the photon-ALP distortion signal from other signals in the sky.
In order to simulate a realistic sky signal, we simulate polarized foregrounds for the synchrotron, dust using the numerical code PySM [78] , along with CMB fluctuations and the instrument noise for SO [42] and CMB-S4 [43, 44] . The spectral distortion signal from photon-ALP around the galaxy clusters are added at randomly chosen cluster locations, outside the plane of the galaxy clusters. The spatial profile of the photon-ALP distortion signal around a galaxy clusters are shown in Sec. 4. We implement the internal linear combination (ILC) method to extract the photon-ALP distortion signal from the simulated data, and have shown the ILC cleaned photon-ALP distortion signal for different galaxy clusters at redshift z = 0.1, 0.2, 1.33 in Fig. 8, Fig .9a and Fig. 9b respectively.
Using the aperture photometry technique, as discussed in Sec. 5.1, we filter out the non-ALP background distortion signal and estimate the polarization intensity of the photon-ALP distortion signal using the ILC cleaned polarization maps. For the redshift distribution of the cluster catalog (as shown in Fig. 6 ) which are expected from the CMB experiments such as SO [42] and CMB-S4 [43, 44] , we show the 1-σ error bar on the photon-ALP coupling strength g γa for SO [42] and CMB-S4 [43, 44] in Fig. 12 . This new avenue is going to explore -24 -new parameter space of photon-ALP coupling which is beyond the reach of the ground-based particle physics experiment such as CERN ALP Solar Telescope (CAST) [99] for ALP masses in the range 10 −13 − 10 −12 eV. ALPs of lower masses (up to ∼ 10 −14 eV) can be probed by using the measurement of the magnetic field of galaxy clusters from the upcoming experiment such as Square Kilometer Array (SKA) [92] . The synergy between SO [42] , CMB-S4 [43, 44] and SKA [92] can be used to explore a broader parameter space of ALPs. With a future CMB experiment such as CMB-HD [98] , we can also extend the reach of our method to higher ALPs masses than what can be possible from SO [42] and CMB-S4 [43, 44] . We can probe the photon-ALP coupling strength g γa for m a > 10 −12 eV from CMB-HD [98] .
One of the contamination to the ALPs distortion will come from the scattering of the local quadrupole by the hot electrons in the galaxy cluster (P Q ) which can shadow the photon-ALP spectral distortion signal for the coupling strength g γ = 10 −14 GeV −1 for r < 3500kpc, as discussed in Sec. 3.1. For the 1-σ error-bars on g γa from SO [42] and CMB-S4 [43, 44] , as shown in Fig. 12 ), the bias from P Q can affect the CMB-S4 measurements by about a 1-σ for CMB-S4 [43, 44] and only by about one-third of a σ for SO [42] . A joint estimator of both photon-ALP distortion and P Q needs to be developed for CMB-S4 [43, 44] like survey in order to make an unbiased estimation of both P Q and P γa . This will be addressed in a future analysis.
This new powerful avenue to probe ALPs can also be applied to the currently detected galaxy clusters from ACTPol [39] , SPT [40] , and Planck [26] . We leave this work for a future publication. The ALPs signal from the galaxy clusters can also be probed using photons in other wavebands, such as the X-ray galaxy catalogs from Chandra X-ray Observatory [102] and from the recently launched eROSITA misssion [91] . In summary, CMB polarization is a powerful probe of ALPs physics and should be explored in parallel with ongoing laboratory experiments such as CAST.
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